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A. INTRODUCTION 

The purpose of NASA Research Grant NSG-3264 Is to characterize the flow- 
field about an airfoil in a cascade at chord Reynolds number (R c ) near 
5 x lO^. The program is experimental and combines Laser Doppler Anemometry 
(LDA) with flow visualization techniques in order to obtain detailed flow 
data [e.g., boundary layer profiles, points of separation and the transition 
zone] on a cascade of highly-loaded compressor blades. The information 
provided by this study is to serve as benchmark data for the evaluation of 
current and future compressor cascade predictive models, in this way aiding 
in the compressor design process. 

This report summarizes the research activity for the period 1 December 
1983 through 1 June 1984. Progress made from 1 June 1979 through 1 December 
1983 is presented in Refs. (1) through (9). The current report presents the 
completed suction surface mean velocity and turbulence intensity profiles, at 
a single incidence angle. 

B. PROGRESS DURING THE PERIOD 1 DECEMBER 1983 TO 1 JUNE 1984 

B . 1 Description of the Experiment 

The ARL/PSU cascade tunnel is shown in Figure 1. With the current fan 
system, maximum inlet speed to the cascade section is near 35 m/sec. Inlet 
turbulence intensity, as measured with a hot-wire anemometer, is below 0.2% 
as shown in Figure 2. All data to be presented in this report were taken on 
the suction surface of a double circular arc compressor blade at a cascade 
inlet angle of 53° (see Figure 7). 

The cascade test section is detailed in Figure 3. It is worth noting 
that blade pack side suction, as normally employed in cascade testing to 
maintain two-dimensionality, is not possible because of the need for an LDA 


window. Instead, a strong upstream side suction, controllable in the 
blade-to-blade direction, is employed. Tailboards are used to control the 
periodicity of the flow. 

As current computer codes assume a two-dimensional, periodic cascade 
flow, data must be taken in such a flow field to be useful. Here, 
two-dimensionality is taken to imply that the velocities and angles of the 
flow are substantially the same in spanwlse planes, while periodicity means 
that velocities and flow angles in planes normal to the blades leading and 
trailing edges are functions only of the distance from a blade (independent of 
which blade). In a successful two-dimensional, periodic, cascade flow, the 
ratio of axial velocity from the leading to trailing edge is one. A typical 
outlet flow profile is shown in Figure 4, the corresponding turning angle in 
Figure 5, and the blade static pressure distribution in Figure 6. 
Interpretation of these figures can be facilitated by referring to the 
definitions of cascade flow angles given in Figure 7. The periodicity of the 
flow is clearly excellent. Also apparent from the pressure gradient plot is 
the strong adverse gradient on the suction surface and strong favorable 
gradient on the pressure surface near the leading edge of the blade. One 
might then anticipate at this incidence angle, a separation at the leading 
edge of the suction surface and some laminar flow near the leading edge of the 
pressure surface. The axial flow ratio, found to be one, is determined by 
averaging the local axial velocity over three blade passages, centered at the 
minimum velocity ratio point of the central blade wake. On a day-to-day 
basis, the variation in axia] flow ratio was within 3%, while the variation in 
chord Reynolds number was within 1%. A more detailed exposition of the 
experimental techniques may be found in [ 10] • 


A specially designed traversing mechanism which matches the arc of motion 
of an optics cradle to that of the blade curvature is used for the LDA 
measurements. All measurements then were made in the plane of the local blade 
normal. Translation of the optics cimdle normal to the blade can be 
accomplished in step intervals as small as 0.0254 mm. Prior to LDA 
measurements, a reference distance was established by focusing the LDA control 
volume on an insert which fit over the central measuring blade. Narrow lines 
are etched on the insert so as to be at known locations from the blade 
surface. Repeatability in establishing a measurement reference was estimated 
to be ± 0.05 mm, and this uncertainty is probably the major source of scatter 
in the velocity data. 

A schematic of the LDA optics system is shown in Figure 8. A two Watt 
Spectra-Physics Ar^on-Ion laser was usaid for the measurements. Power on the 
blue line employed (488 nm) ranged between 0.6 to 0.8 Watts. Standard TSI 
optical components were used: the focusing lens (focal distance - 371.3 mm) 

allowed the measurements to be made at the blade mid-span. The focal volume 
was ellipsoidal and was predicted to be 0.56 mm x 0.037 mm in the direction 
normal to the blade. Optical shifting at 5 Mh,z was employed as needed. To 
measure close to the surface the optical cradle was tilted 1°. Silicon 
carbide particles having a mean diameter of 1.5 ym were used for laser 
seeding. In an attempt to maintain a uniform distribution, seed was injected 
well upstream of the measurement station (see Figure 1) at the flexible 
coupling . 

LDA data acquisition and reduction was accomplished by using a direct 
link to a VAX 11/782 computer. Software allowed selection of focusing lens 
half angle, laser wavelength, frequency shift, minimum cycles employed in the 
calculation and number of particle counts per run (up to 4000) . Initial 


output was in the form of a velocity histogram. Minimum and maximum velocity 
limits were set by a cursor from the histogram to eliminate obvious noise. 
Final output was mean velocity, turbulence intensity and percent of particle 
counts employed in the calculation. The latter served as a signal-to-noise 
Indicator. It is probably fair to state that at least 98% of the total 
particle counts were employed for measurement stations in the boundary layer; 
at least 95% were employed for points in the free stream. Mean velocity here 
was taken as a simple arithmetric average 

1 N 

u " m l u n * (1) 

N n=l 


and local turbulence intensity (L.T.I.) as 
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Experience has shown that quite satisfactory repeatability of the mean and 
turbulence intensity can be guaranteed in boundary layer flows by using 
N = 1000 particle counts in regions in which the L.T.I. exceeds 5%, 500 points 
for L.T.I. less than 5% and 200 points for the free stream. 

B.2 Results and Discussion 

Eleven velocity profiles were measured between 2.6% and 94.9% chord. 
Consider these measurement stations in conjunction with the blade static 
pressure distribution, Figure 9; particularly the strong adverse gradient on 
the suction surface. Clearly the pressure gradient (hence Coles' wake 
parameter H) is varying throughout the region in which the profiles have been 
measured, so that the boundary layers cannot be considered to be in 
equilibrium. 
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At each of the stations the velocity profile was defined by statistically 
treating the data taken for six individual profiles (seven at 2.6% chord). 

Some appreciation of the day-to-day variation in the data may be gained by 
considering the individual profiles shown in Figure 10 for the data taken at 
53.6% chord. Mean velocity profiles taken at chord locations of 2.6% through 
94.9% are shown in Figures 11 through 21, respectively. The profiles are 
plotted semi-logarithmlcally to highlight the inner part of the boundary 
layer. Also shown on these plots are error bars. These represent 95% 
confidence levels as determined by a small sample Student T-Test. For the 
attached boundary layers the level of scatter is about the same as was 
measured earlier for a flat plate geometry; that is, for a 2% local turbulence 
level the 95% confidence band represents a roughly 0.4% variation in velocity, 
a 1.5% variation 15% and a 3% variation 25%, independent of chord position. 
More than half of this scatter can probably be accounted for by considering 
the positional uncertainty. The separated profiles at 84.2 and 94.9% chord 
show somewhat more scatter. This is perhaps due to the flow's heightened 
sensitivity to background conditions at these points. 

At the present time, only the data at the first seven chord locations has 
been thoroughly analyzed. We shall consider these first. This data has been 
previously reported in Reference [11]. 

Perhaps the most interesting feature of the seven profiles is the fall- 
off of velocity with distance from the wall in the inviscid region. This is, 
of course, a consequence of the blade-to-blade normal pressure gradient. On a 
linear plot (c.f., see Figures 29-35) it may be shown that the decay of 
velocity with distance is linear for 53.6%, 43.3%, 33.3% and 23.0% chord, but 
that some significant profile curvature occurs at the remaining three chord 
locations. Note also that the near wall profile at 2.6% chord has a 
distinctly different shape than the others. 


Local turbulence intensities are shown at each of the chord locations in 
Figures 22 through 28. With the exception of the 2.6% chord location (and 
perhaps the 7.6 % chord location) the profiles may be observed to have a 
classical shape. The increase in uncertainty near the strong mean profile 
curvature at the. edge of the boundary layer, which is particularly noticeable 
in the 23.0%, 12.7% and 7.6% chord location data, is a consequence of the very 
large skewness of the velocity histograms there. The intensity profile at 
2.6% chord is interesting. The decrease of the local turbulence with 
decreasing distance to the wall is perhaps indicating a profile just 
recovering from separation. It is also worth noting that the free stream 
intensity level near 2%, which is roughly a factor of ten too high, is 
characteristic of laser anemoraetry. This LDA bias may be accounted for by 
requiring that the free stream have the correct value (0.18%, say, as measured 
by a hot-wire). The correction factor found in this way can be used as a 
correction throughout. The change in L.T.I. value in the boundary layer, 
however, can be shown to be small. 

As will be shown in the next section, the turbulence intensity profiles 
may be of more than academic interest. They provide at least a rough 
indication of the boundary layer thickness and in this way give an indication 
of the acceptability of the analysis to be presented next. In this light, it 
would seem that values of the skewness and kurtosis would also be of interest, 
as one way of assessing the effect of the normal pressure gradient on the 
turbulence. 

C. AN ANALYSIS 

The presence of a normal pressure gradient makes the interpretation of 
the boundary layer profiles difficult. In particular, we wish to determine 
the shear velocity, u T , Coles' wake function II, and a host of integral 
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parameters. To do this we must, following References [12, 13], account for 
the effect of the normal pressure gradient. Assume that the measured profiles 
represent a composite velocity profile. This implies that each of the 
profiles have, to zero order, a region where viscous effects predominate, a 
region in which viscous effects are negligible (and the normal gradient acts) 
and an intermediate region in which the viscid-invlscid results match. 
Mathematically, the measured profile is the sura of a boundary layer profile 
and an inviscid profile less what appears In both. The last quantity is 
commonly called the edge velocity, U e . That is 

‘■Was ® u + u inv - U e . 

Clearly both the boundary layer velocity u and the measured velocity u meas 
must go to zero at the wall, so that 

u e 13 ( u inv ) 

w 

and the scheme reduces to finding that value. 

Consider each of the profiles as shown in Figures 29 through 35. Here 
the circles represent the measured values of average velocity. One must 
determine a way to extrapolate the inviscid portion of the profile to the; 
wall. A rigorous approach does not appear possible so one must settle for a 
self consistent attack which produces plausible results. Consider Figure 31 
(12.7%) as a representative profile. We note that there are 26 data points 
(say, N^ nv ) from the position of maximum velocity to the measurement position 
furthest from the blade. One might argue then that the actual inviscid region 
contains anywhere from one to 26 data points. In addition, it is clear that 
the inviscid profile exhibits some curvature. If one least square fits each 
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of these possible Inviscid regions with a quadratic, one finds that there is a 
region in which U e changes only slightly with the number of points. 
Specifically, this region 4s well represented by choosing % nv /2 * N^ nv /4 
points for each of the profiles. In Figures 29 through 35, the triangles 
represent the boundary layer plots reconstructed by choosing the inviscid 
region to contain % nv /2 points, Also shown in Figures 29 through 35, on the 
velocity axis, is the average value of U e which was determined by assuming the 
inviscid region is represented by each of the N£ nv /2 ± N£ nv /4 points in turn. 
In general, these values are quite close. The average values of U e along with 
its standard deviation (the plus and minus values) are given in Table 1. 

The boundary layer thickness, 6, was chosen as the position at which 

u = 0.99 U e 

One can test the plausibility of the U e and 5 values by noting that in a 
classical equilibrium boundary layer the turbulence intensity has a higher 
than free stream value at positions y / 6 < 1.25. We may use y « 1.25 6 and 
the turbulence intensity measurement (Figures 22 through 28) to define 
6. The results of this comparison are shown in Table 2. As a second 
check on the plausibility of the calculations, the U e determined can 
be compared to the surface velocity. The last may be found from 

Ue ■ Vi Jl - 0 p 

s r 


1/2 p V2 


where 


The surface velocities are compared with the U e determined from the composite 
solution in Table 2. Though not a proof, the good comparisons indicate that 
the technique produces plausible results. Comparison of the triangles and 
circles in Figure 29 through 35 indicate that the near wall region is hardly 
changed in the analysis. That is, for example, the inner variables (e.g., the 
shear velocity, u T ) are reasonably independent of the choice of U e . We note 
further that all the derived boundary layers show a constant free stream 
velocity with the exception of that at 2.6% chord. This profile, of course, 
contains the largest inviscld curvature, and the smallest measurable free 
stream region (due to geometric constraints); possibly these effects combine 
to produce this discrepancy. 

With 6 known, Coles’ velocity profiles for the wall/wake region of the 
turbulent boundary layer 


u 



I 
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Jin 



+ C + - W 

K 



where 


«• (¥) 

can be used to determine H and u T . Here II and u T were determined by 
minimizing the error between the data and the expressions above: the 

constants were chosen from the 1970 Stanford Convention [14]. The resulting 
simultaneous non-linear equations were solved using a standard IMS 
(International Mathematical Subroutine Library) routine. As noted by White 
[15], Coles’ profile does not fit the entire boundary layer precisely; for the 
results presented here the Coles’ profile was assumed valid for positions 
between 5 and 80% of the boundary layer thickness. Note that measurements 
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were made at points above and below these values. The velocity profile was 
taken to be 

u „ yut 

u T v 

for the lower portion of the boundary layer. The profiles were numerically 
joined near a y + of 10.7 — thus defining the sublayer thickness, A spline 
curve was used to fit the data above 80% of the boundary layer thickness. 

In Table 1, the common parameters for the reconstructed turbulent 
boundary are given as a function of chord location. A complete nomenclature 
is given in Table 3. Error estimates a*,;e based on the deviations in U e over 
the range Nj_ nv /2 ± % nv /4. We note that Rq varies from 1174 to 4015, and the 
boundary layer thickness from 0.206 cm to 1.148 cm from 2.6 to 53.6% chord . 
The large values of G at both 2.6% and 53.6% chord indicate that those 
boundary layers are near separation. Also note the good agreement between the 
values of u T determined by measurement with those determined by the 
Ludwing-Tillman relation. For the profile at 12.7%, H (and 6) indicates a 
near zero pressure gradient boundary layer — although, of course, comparisons 
must be made with care as the measured profiles are non-equilibrium. For the 
same reason, it is not really worthwhile to compare the pressure gradient 
parameter $ with the derived quantity H. The trends, however, are the same 
for each. 

The boundary layer profiles are shown in inner variables in Figures 36 
through 42. Note the striking effect on the outer part of the boundary layer 
(or the extent of the logarithmic region) with increasing and decreasing 
values of the wake parameter IT. In Figure 36 through 42 the circles represent 
the measured data points, the triangles the derived boundary layer profile and 
the solid line the least squares fit law of the wall/wake to the derived 
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profile. The data are replotted in terms of u/U e vs y/S in Figure 43 through 
49, a form which best empluj'jizes the evolution of the boundary layer. One can 
clearly observe, in following the data from 2.6% to 53.6% chord, a boundary 
layer recovering from a separation at the leading edge only to approach 
separation again somewhere beyond the 53.6% chord location. 

As noted earlier, profile data taken at 63.2, 74,0, 84.2 and 94.9% chord 
have not been thoroughly analyzed as yet. The mean velocity data is presented 
in linear format in Figures 50-53. At each of these locations the velocity is 
instantaneously negative (backflow) for some range of distance from the wall 
some of the time as shown in Figures 54-57. At 63.2 percent chord the 
backflow region is quite small, involving only the region within 0.1 cm from 
the wall; the maximum percent backflow is about 5. At 94.9% chord, the 
backflow region has spread to encompass about the first two centimeters from 
the blade, maximum time in backflow approaches 65%. i’or the 94.9% and the 
84.2% chord locations the point of maximum backflow is not at the measurement 
station nearest the wall. 

In Figure 58 the maximum percent backflow as a function of percent chord 
is given. Simpson [16] reported on a set of proposed quantitative definitions 
for the state of flow detachment in near wall region; incipient detachment 
(ID) occurs with 1% instantaneous backflow; intermittent transitory detachment 
(ITD) occurs with 20% instantaneous backflow; transitory detachment (TD) 
occurs with 50% Instantaneous backflow; and detachment occurs where the wall 
shear is zero. The first three of these states are also indicated in Figure 
58. A measure of wall shear stress would be useful here. 

Analysis of the profile data taken for 63.2 to 94.9% chord is continuing. 


GOALS FOR THE NEXT REPORTING PERIOD 


During the next six month period, it is anticipated that! 

Analysis of the profile data at 63,2 to 94 • 9% chord will be completed. 

Boundary rayer profile measurements on the pressure surface of the blade 
will be completed 

Flow visualization studies of the blades to determine transition and 
separated regions will be finished. 

Near wake profile measurements at the current incidence will be done. 

Flow studies at a second incidence will be underway, 
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Table 2 


% Chord 

u e 

(m/ sec) 

(Current Method) 

u e 

(C p Dist.) 

6 

(cm) 

(Current Method) 

6 

(cm) 

(Turb. Int.) 

2.6 

53.968 

50.305 

0.206 



± 0.207 


± 0.0056 


7.7 

46.286 

43.352 

0.3817 

0.457 


± 0.313 


± 0.0636 


12.7 

44.726 

41.625 

0.4019 

0.406 


± 0.082 


± 0.0078 


23.0 

41.750 

■40.683 

0.5242 

0.508 


± 0.095 


± 0.0088 


33,2 

37 .780 

37 .370 

0.8038 

0.813 


± 0.083 


± 0.0065 


A3. 3 

35 .310 

34 .765 

0.9259 

0.914 


± 0.119 


± 0.0106 


53.2 

33.780 

33.621 

1.1479 

1.11 


i 0.130 


± 0.0161 



-17- 


ORlGiNAl. 

OF POOR QUALITY 


Table 3 


NOMENCLATURE 


Law of Che wall constant (* 5.0) 


Skin friction coefficient (* 


l/2pU“ 


P "Pi 

Local pressure coefficient (= — 

l/2pV" 


, w U - u 
l fee 


Clauser's shape factor (= / (— ) dy) 

o u t 


H, 


.r 

First shape factor (= “) 



N 

N inv 

Pe 

P 1 

Ps 


R e 

U 

u inv 

Umeas 

u n 

+ 

u 


Second shape factor (« —) 

Number of particle counts per run 
Number of data points in the inviscid region 
Static pressure at the bounday layer edge 
Static pressure upstream of the cascade 
Local static pressure on the blade surface 

eu 

Momentum thickness boundary layer (= — 

Boundary layer velocity 
Inviscid velocity 
Measured composite velocity 
Particle velocity. 

= Dimensionless velocity in the inner boundary layer ( 


. * i .. , r.* 

ftk ' k ■ ** *> r » tW ; -' V 

)F poor* QUALH7 


Friction velocity (< 


-ii 


) 


Velocity at the boundary layer edge 

Velocity at the boundary layer-edge as derived from the local 
pressure coefficient 

Velocity upstream of the cascade 

Coles’ universal wake function 

Strearawise coordinate 

Coordinate normal to the blade surface 

Dimensionless coordinate normal to the blade surface in 
the inner boundary layer 

6 * 3p e 

Clauser's equilibrium parameter (= “" 3 ^“) 

w 

Boundary layer thickness 


Displacement thickness (= / (l - ~—)dy) 

0 e 
» 2 

Energy thickness (= / (l - ~)dy) 

Oe ^ 


Defect thickness (= / (— — )dy) 

0 U t 


Momentum thickness (= / — (l - ~ )dy) 

0 e U e 

Karraan's mixing length parameter (= 0.41) 
Kinematic viscosity 
Coles’ wake parameter 
Fluid density 


Wall shear stress 












TEST NUNBEfi 290-0 

TEST TYPE CRSEROE 

TEST DHTE 12 / 6/83 





1 XM/dXN 





TEST NUMBER 290-0 

TEST TYPE CR5CR0E 

TEST DRTE IZJ 6/83 




ORIGINAL PAGE 53 
OF POOR QUALITY 


a 

a 

a 



31DNH ONINym 



EMPIRICAL DATA 
BLADE STATIC PRESSURE 
COEFF. DISTRIBUTION 
LIFT COEFF . - 0.924 


original PA®« 
OF POOR QUAUfV 



20. 30. 40. 50. 60. 70. 80. 90. 100. 

X CHORD 





26 


ORIGINAL PAGE (9 
OF POOR QUALITY 



Q- < 



EMPIRICAL DATA 
BLADE STATIC PRESSURE 
COEFF- DISTRIBUTION 
LIFT COEFF- • 0.924 


OF POOR QUA^TV 


M 



♦ 

o 

o 


o 

CJ 


♦ 

o 

CD 


o 

s. 


o 

U3 


o ^ 


CHORD 



ORIGINAL PAGE r S 
OF POOR QUALITY 


© 

e 

0 

0 



(03S/W) n 


POSITION FROM BLADE (CM.) 


ORIGINAL FT/’ r 3 
OF POOR QUALITY 



o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

to 

o 

t n 

o 

to 

o 

to 


T 

ro 

n 

OJ 

f\! 


(03S/W) n 



ORIGINAL PACE W 

OF POOR QUALITY 


© 
© 


0 

0 

0 


B. 


B 


10 


B 






in 



cn 



X 

LU 


o 

> 

□ 


LU 

ca 

Q 

_l 

o 

Lu 


X 

CO 

LU 

o 

< 

O 


m 

Z 

N 


LU 

00 

CO 

O 

> 

X 

h—t 

CM 

o 

U. 

V— 

► — t 

z 


►— 

o 


< 

o 


> 

LU 

Q 


•% 




0_ 


10 


10 


0 

0 


0 


0 


B 


0 


0 


0 


KEH 




o 


o 

O 

o 

o 

o 

o 

O 

o 

o 

a 

o 

o 

o 

c 

in 

o 

in 

o 

in 

o 

in 

T 

'T 

ro 

m 

CM 

CM 

— 


(03S/W) n 


POSITION FROM BLADE (CM- 

Figure 13. 






33. ZV. CHORD 


33 



ORIGINAL PAGE IB 
OF POOR QUALITY 


o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

m 

o 

in 

o 

in 

o 

T 

PO 

ro 

OJ 

OJ 

<— 

— 


(03S/W) 


10 -' 

POSITION FROM BLADE (CM. 


43. 3X CHORD 
DEVIATIONS BASED ON 


ORIGINAL 

OF POOR QUAUTV 




-+~ o 

o 

o 


( 0 3 S / H ) 


POSITION FROM BLADE (CM. 

Figure 16. 



53.6'/ CHORD @©@ 

DEVIATIONS BASED ON 9.5/ ® 

30. 00 I- CONFIDENCE LEVEL © 



ORIGINAL PAGE S3 
OF POOR QUALITY 



u ; LTJ O 

<N 04 LT> 


(03S/W) n 


to-' 

POSITION FROM BLADE (CM- 

Figure 17. 








o 

o 

o 

o 


o 

o 

o 

o 

o 

o 

o 

. 

. 

• 

. 

CT 

. 

o 

o 

o 

o 

. 

o 


*o 

AJ 

• — 

o 

— 


(03S/W) n 










2-67. CHORD 

DEVIATIONS BASED ON 95Z 
CONFIDENCE LEVEL 


ORIGINAL PAGE; 

OF POOR QUALITY 



Ai ISN31N I 30N3inadni 1 V 001 


POSITION FROM BLADE (CM 



7-6*/ CHORD 

DEVIATIONS BASED 957. 
CONFIDENCE LEVEL 


ORIGINAL V'« *»* * * 

OF POOR QUALMS 



a i i s n 3 1 n i 30N3inayni ivooi 


NORMALIZED POSITION (Y/DELTA) 



i • bOO 2 • 000 2 . 50 

[ T I ON FROM BLADE 




iliH 




In; 



tn 



CD 



2 

UJ 


a 

> 

a 

UJ 

cc 

a 

_l 

a 

Uj 


X 

c r 

UJ 

o 

-c 

o 


CO 

2 

X 


UJ 

<N 

tn 

a 

. 



PO 

a 

u 

PO 

*— 4 

2 


t— 

a 


< 

o 


> 

Uj 

a 


ORIGINAL PAG?- B 

OF POOR QUALIVV 0 

0 

0 

e 

0 

B 

0 

0 

0 

e 

0 

0 

0 

o 

© 

e 

0 


0 

0 

0 


B 

e 



o 

o 

o 

o 

o 

o 

o 

o 

ir> 

o 

in 

o 

U"> 

o o 

PO 

rj 

rg 

•— 

— 

o 

o 

o 

o 

o 

o 

o 

a 

o 


A i I S N 3 1 N I 30N3“inaym 1V001 


OOO 0.500 i.000 ] - 500 2.000 2.500 3.000 3.530 4.000 

POSITION FROM BLADE (CM-) 


• 300 t 43. y/ t CHORD 

T DEVIATIONS BASED ON 95X 

h CONFIDENCE LFVEL 



0 o o O o 

aj.isn3j.ni 30N3inaani ivooi 


“TS 


1.500 2.000 2-500 3.000 3-500 

POSITION FROM BLADE (CM.) 

Figure 27. 


53.6*/ CHORD 
AT IONS BASED, ON 957, 
CONFIDENCE LEVEL 









CHORD “ 7.552 


original rwe » 

OF POOR QO^ltTY 






* -M-o, 


o-ceGQ 0 ©^ 


O . 
tiJ o 



'/. CHORD * 12.725 



(M/SEC) 






CHORD -*-* 22-967 



(M/SEC) 








CHORD « 43.348 





CHORD « 53.590 


53 



ORIGINAL page b 
OF POOR QUALITY 




er^ - 


o -e - 0 




O-a-^5 


■0-® 


©-»• 


G-^° 


<ro o* 


o<i 

c 


■0 

o 


•4 

e 

o 



N 


— , , t t ^ , , 

10.00 15-00 20.00 25.00 30.00 35-00 40.00 45.00 

U (M/SEC) 


CHORD POSITION = 0.25 INCHES 
UTAU - 1.429 M/S 
PI = 3.544 


POOH QUAUiV 



< O 

< o 


< G 

« G 













CHORD POSITION * 
UTAU - 1 . 409 M/S 



Figure 40 




CHORD POSITION = 4-19 INCHES 
UTAU = 1.128 M/S 


ORIGINAL PAG£ fg 
OF POOR QUALITY 





CHORD POSITION - 5-18 INCHES 
UTAU - 0.822 M/S 



Figure 42 




km I SkASt 



- 61 - 


ORIGINAL FA$f£ m 
OF POOR QUALITY 



! i 


t n 

CD 

Z LU 
O > 
LU 

O Q — I 
CC Lu 

o cn uj 
X < o 
u an z: 

LU 

N W Q 
LC Z — 

• a Lu 
— > x 
i — a 
< o 



> 

LU 

a 


■4 * — f" 

o ro 

o fO «5 

o CCI «3 

.-loo 


4 4 


o 

to 

o 

ro 

\n 

fO 

o 

o 


S. 

O 

o 


(vnaa/A) Noiiisod aaznvwaoN 


o 

o 

o 

o 


T5- 

I 


o 


.000 0 . i 25 0.250 0.375 0-500 0.625 0.750 0.875 1.000 

U/UE 


7.6'/ CHORD 

IONS BASFD ON 957. 

NFIDENCE LEVEL 



12 . 77 . CHORD 

DEVIATIONS BASED ON 95% 
CONFIDENCE LEVEL 


S3 



ORIGINAL PAGjE 
OF POOR QUALITY 



* (■ ... ., - i i. 


r? 

N- 

o 

ro 

K 

o 

ro 

l O 

o 

ro 

to 

o 

CO 

lO 


►O 

— 

o 

O 

o 

o 

O 

o 

o 


.000 0.125 0.250 0.375 0.500 0.625 0-750 0-875 

U/UE 



23.0*/ CHORD 


64- 





10 


(v i 130/ A) Noiiisod aaznvwaoN 


ayOHO %£*££ 



-65- 


I 



(V113Q/A) NOUISOd QHZnVWdON 


I 


IA 


o 


.000 0 . i 25 0.250 0.375 0-500 0-625 0.750 0.875 1.000 

U/UE 

Figure 47. 





53. 62 CHORD 


ORfGfNAL PAGE fgf 

OF POOR QUALITY 



ro 

K 

o 

ro 

K 

o 

ro 

in 

o 

ro 

m 

o 

0? 

<n 

IP 

ro 

— 

o 

o 

o 

o 

o 

o 

o 


(V113Q/A) NOIlISOd G3Z I 3VM30N 


Pirrin-O /iQ 


63.2% CHORD 

DEVIATIONS BASED ON 95% 
CONFIDENCE LEVEL 





-69- 


ORIGINAL PAGE 1 $ 

OF POOR QUALITY 

o 

o 

ts 


e e©0©© 


@©©0 ©ee© ©2i 


% 



o 

o 

o 

• 

o 

"> 


o 

o 

o 

in 

cvj 


LO 

o> 


Z UJ 
O >■ 
Q UJ 

cc ,a _j 

O Uj 
C/5 UJ 
< O 
CD Z 
UJ 
C/5 Q 


X 

a 

N 

o 


'T O U. 
N. *-t z 

►- a 
< o 


> 

UJ 

a 



H 

a) 

E 

to 


o 


.500 

— ( _ 

o 

U-5 

K 

— f 

o 

o 

o 

H 

o 

to 

OJ 

500- 

"9- 

ro 

ro 

oj 

• 


C'WO) 30V18 WOdd NOIlISOd 


i ? 

O tO 
O | 
a 

o 







74.0% CHORD DEVIATIONS 
BASED ON 95% CONFIDENCE LEVEL 



POSITION FROM BLADE (CM.) 


84.2% CHORD DEVIATIONS 
BASED ON 95% CONFIDENCE LEVEL 



POSITION FROM BLADE (CM.) 


94.9% CHORD DEVIATIONS 
BASED ON 95% CONFIDENCE LEVEL 


r 


-75- 


OF POOR QOkU '<7 


,t-©H 
I-0H 
HEH 
t— Q -H 
f— ©H 

\ . r\ | 
r w l 

I — 9— 1 
I — © — I 


POSITION FROM BLADE (CM.) 



ORIGINAL PAGE 18 
OF POOR QUALITY 





□ 




ID - Incipient Detachment 
ITD - Intermittent Transitory 
Detachment 

TD - Transitory Detachment 




